1. Introduction {#sec1}
===============

Coal reservoirs are three-dimensional units composed of coal matrices, liquids, and gases, and they typically comprise dual-porosity media, with matrix pores and cleats/fractures.^[@ref1],[@ref2]^ Coalbed methane (CBM) is mainly adsorbed onto rock matrices, where cleats and fractures are the main channels for gas and water flow.^[@ref3]−[@ref6]^ In the replacement of CH~4~ by CO~2~ injection into a coal seam, competitive adsorptions between CH~4~ and CO~2~ occur in the matrix.^[@ref5]^ With the decrease of coalbed pressure, gases in matrix pores will gradually desorb and diffuse into the fracture system, flowing through the fractures to the production well.^[@ref7]−[@ref9]^ During the displacement process, the decrease in reservoir pressure has both positive and negative effects on permeability.^[@ref8]^ While decreased pore pressure leads to the increase of effective stress, compressing the coal fracture system and reducing permeability, the gas is also displaced and desorbed, resulting in the shrinkage of the coal matrix shrinkage, which can partially offset the negative impact of effective stress.^[@ref10]−[@ref13]^

Based on the different adsorption capacities of CO~2~ and CH~4~, and assuming that the adsorption capacity of coal is proportional to its expansion, Pekot and Reeves^[@ref14]^ established a model for variations in permeability when CO~2~ replaces CH~4~. Chen et al.^[@ref15]^ further established a mathematical model based on stress and the physical constraints on coal porosity and permeability. Based on the models proposed by Chen et al.^[@ref15]^ and Wu et al.,^[@ref16]^ Kumar et al.^[@ref17]^ constructed a new model that accounted for variations in matrix permeability and the competitive adsorption of binary CO~2~ and CH~4~ gases. This model included a modified competitive adsorption permeability for binary gases following that of Wu et al.^[@ref16]^

Many studies have been conducted to explore variations in the permeability of CO~2~- and CH~4~-flooded coal cores; however, few studies have focused on the variations in stress--strain and permeability during the process of displacement of CH~4~ with CO~2~. The objective of this study was to develop a permeability model, considering (1) the competitive adsorption mechanism of CO~2~ and CH~4~ during the CO~2~ injection process; (2) the variation in stress--strain during CO~2~ adsorption and CH~4~ desorption process; and (3) the distribution of permeability around the CO~2~ injection well-controlled area. Here, we detail the deduction of the permeability model, with a comparison to former experimental works. Further, the influencing factors associated with the permeability model were also analyzed to provide guidance for future CO~2~ sequestration and enhanced coalbed methane (ECBM) projects.

2. Results and Discussion {#sec2}
=========================

2.1. Deformation of Coal Matrices during Desorption after Co~2~ Injection {#sec2.1}
-------------------------------------------------------------------------

To calculate and analyze the deformation of coal matrices during pore pressure reduction after displacement with CO~2~, the adsorption constants of CH~4~ and CO~2~, and the mechanical properties of coal samples were measured. The mechanical parameters of the Tunliu coal samples are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} of Part 1 of this study, and the adsorption constants under different confining pressures are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}([@ref18]) In the first part of this study, experiments were conducted in which CO~2~ displaced CH~4~, and the molar fractions of the free phase CO~2~ that displaced CH~4~ under different confining pressures were measured. The partial pressures during coal desorption under different confining pressures were determined, and the results are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### Coal Parameter of Samples

  parameters      *ρ*~c~ (g/cm^3^)   *E* (GPa)   *v*    *C*~f~ (MPa^--1^)   *T* (K)
  --------------- ------------------ ----------- ------ ------------------- ---------
  Tunliu sample   1.36               3.50        0.30   0.062               298.15

Abbreviations: *ρ*~c~ is density of coal; *E*, elastic modulus; *v*, Poisson ratio*; C*~f~, cleat compression coefficient; *T*, temperature.

###### Adsorption Constants of Tunliu Samples under Different Confining Pressures

       *a* (cm^3^/g)   *b* (MPa^--1^)          
  ---- --------------- ---------------- ------ ------
  8    8.13            19.42            0.48   0.92
  12   8.40            19.77            0.40   0.80
  16   8.54            19.79            0.34   0.71
  20   8.59            19.84            0.33   0.69

Abbreviations: *a*~CO~2~~ and *a*~CH~4~~ are the maximum adsorption capacities of *V*~CO~2~~ and *V*~CH~4~~ (cm^3^/g), and *b*~CO~2~~ and *b*~CH~4~~ are the adsorption equilibrium constants of CO~2~ and CH~4~ (1/MPa).

###### Partial Pressure of Displacement of CH~4~ with CO~2~ in the Desorption Process

         confining pressure 8 MPa   confining pressure 12 MPa   confining pressure 16 MPa   confining pressure 20 MPa                        
  ------ -------------------------- --------------------------- --------------------------- --------------------------- ------ ------ ------ ------
  6.25   4.78                       1.47                        4.83                        1.42                        4.85   1.41   4.87   1.38
  5.25   3.98                       1.27                        4.03                        1.22                        4.05   1.20   4.05   1.20
  4.25   3.18                       1.07                        3.20                        1.05                        3.23   1.02   3.25   1.00
  3.25   2.36                       0.89                        2.38                        0.87                        2.41   0.84   2.46   0.79
  2.25   1.55                       0.70                        1.57                        0.68                        1.61   0.64   1.63   0.62
  1.25   0.82                       0.43                        0.84                        0.41                        0.87   0.38   0.89   0.36

Abbreviations: *P*~CO~2~~ and *P*~CH~4~~ are the partial pressures of CO~2~ and CH~4~ at adsorption equilibrium (MPa).

In view of both parts of this study, it can be seen that during the desorption process after CO~2~ injection, the partial pressure of CH~4~ was higher than that of CO~2~. This is because the adsorption capacity of CO~2~ is stronger than that of CH~4~, so the desorption capacity of CH~4~ is high during desorption. This results in the concentration of free phase CH~4~ in coal is higher than that of CO~2~, and the partial pressure of CH~4~ is also higher. Additionally, with increased confining pressure, the partial pressure of CH~4~ increased, and the partial pressure of CO~2~ decreased. Thus, based on [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, and according to the partial pressure data of CH~4~ and CO~2~ in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the *m* and *n* values may be fitted ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).

###### Fitting Values of Desorption Process Parameters *m* and *n*

  confining pressures (MPa)   8        12       16       20
  --------------------------- -------- -------- -------- --------
  *m*                         0.2787   0.2832   0.2528   0.2212
  *n*                         1.6428   1.7441   1.9837   2.2318

Abbreviations: *m* and *n* are constants.

So far, the parameters involved in the mathematical model of coal matrix deformation have been given. By substituting these parameters, the variation in the strain of the coal matrix caused by CH~4~ and CO~2~ during desorption and under various confining pressures can be obtained. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the variation of coal matrix strain in the process of pore pressure reduction after CO~2~ replacement. The negative change in coal matrix strain represents shrinkage of the coal matrix, which was caused by gas desorption. It can be seen from this figure that with decreasing pore pressure, the shrinkage of the coal matrix caused by coal desorption increased gradually, and the shrinkage strain exhibited a logarithmic relationship with pore pressure. At the same pore pressure and with the increase of confining pressure, the shrinkage of the coal matrix caused by coal desorption decreased. This is due to the increase of confining pressure (i.e., the stress due to overburden increased and the amount of gas desorption decreased). This led to a lower amount of gas being desorbed by coal matrices under high confining pressures, so the shrinkage strain of the coal matrices decreased and the confining pressure had a negative effect on this shrinkage.

![Variation in the strain of coal matrix during desorption.](ao0c02293_0001){#fig1}

2.2. Variation in Permeability during Drainage after CO~2~ Injection {#sec2.2}
--------------------------------------------------------------------

The model of variation in permeability considers the influence of the gas slippage effect, so it is necessary to determine the critical pore pressure and coefficient of slippage. At present, the critical pore pressure when the gas slippage effect occurs has not been clearly defined. Zhu et al.^[@ref19]^ proposed that the critical pore pressure of slippage is 1.5 MPa following percolation experiments in low-permeability gas reservoirs. Therefore, our model predicts that there will be slippage when the pore pressure decreases to 1.5 MPa.

Yuedong et al.^[@ref20],[@ref21]^ found that the slippage coefficient was positively correlated with temperature, gas viscosity, and lithological parameters and negatively correlated with the molecular weight of the gas. Here, the slippage coefficient was determined by the expressionwhere *c* is a constant, taken as 0.9 MPa, μ is the viscosity of the gas at the experimental temperature (MPa·s), *w* is the channel width (μm), *R* is the general gas constant, 8.314 J/(K·mol), *T* is the absolute temperature (K), and *M* is the molecular weight of the gas (g/mol).

The permeability calculated by the mathematical model ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) was compared with the measured results, and the fitted results are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The predictions of reservoir permeability during pressure reduction after CO~2~ injection in the Tunliu area under confining pressures of 8, 12, 16, and 20 MPa were also compared with the experimental displacement data. The results show that the mathematical model effectively captures the variation in permeability during the discharge process of CO~2~ injection in coal reservoirs of different depths.

![Permeability model predication curves under different confining pressures: (a) 8 MPa, (b) 12 MPa, (c) 16 MPa, and (d) 20 MPa.](ao0c02293_0002){#fig2}

To evaluate the accuracy of the model predictions, the relative error was used to evaluate the results. The expression of the relative error is as followswhere δ is the relative error (%). Subscripts 1 and 2 represent the predicted results of the mathematical model and laboratory test results, respectively. [Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} was used to analyze the relative error between the predicted results of the permeability model and the experimental results, as shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. The results show that the relative errors ranged from 0.5 to 9.33%, and the errors were small, which further demonstrates that the mathematical model has a high degree of accuracy. Meanwhile, the mean relative error results show that the prediction error of the model was larger when the confining pressure was 20 MPa, which indicates that the model has better predictive power for coal reservoirs with lower confining pressures.

###### Analysis of Relative Error between Predicted and Experimental Results of Permeability Model

  confining pressure (MPa)   *P* (MPa)   (*k*/*k*~0~) predicted   (*k*/*k*~0~) tested   δ (%)   δ̅ (%)
  -------------------------- ----------- ------------------------ --------------------- ------- -------
  8                          6.25        1                        1                     0       1.99
  5.25                       0.949       0.958                    0.95                          
  4.25                       0.894       0.902                    0.84                          
  3.25                       0.867       0.902                    3.90                          
  2.25                       0.911       0.907                    0.50                          
  1.25                       1.137       1.096                    3.75                          
  12                         6.25        1                        1                     0       2.42
  5.25                       0.940       0.962                    2.24                          
  4.25                       0.878       0.894                    1.83                          
  3.25                       0.848       0.874                    3.02                          
  2.25                       0.885       0.898                    1.47                          
  1.25                       1.082       1.045                    3.53                          
  16                         6.25        1                        1                     0       1.91
  5.25                       0.936       0.951                    1.58                          
  4.25                       0.869       0.861                    0.96                          
  3.25                       0.830       0.852                    2.61                          
  2.25                       0.870       0.856                    1.69                          
  1.25                       1.039       1.012                    2.69                          
  20                         6.25        1                        1                     0       5.24
  5.25                       0.932       0.948                    1.73                          
  4.25                       0.859       0.880                    2.42                          
  3.25                       0.813       0.873                    6.82                          
  2.25                       0.858       0.946                    9.33                          
  1.25                       1.013       1.076                    5.88                          

δ is relative error, %; δ̅, is the mean relative error, %.

2.3. Variation in Permeability within the Well-Controlled Area after CO~2~ Injection {#sec2.3}
------------------------------------------------------------------------------------

[Equation [17](#eq17){ref-type="disp-formula"}](#eq17){ref-type="disp-formula"} is a mathematical model of the variation in reservoir permeability in planar space within a well-controlled area after CO~2~ injection into a coal seam. This model can be used to predict the dynamic change of reservoir permeability in radial and horizontal directions that are centered on CBM wells. Assuming that the radius of maximum influence is 100 m, the borehole radius is 0.25 m, the borehole pressure is 2 MPa, and the other parameters remain constant. The spatial variation in permeability under different confining pressures is then predicted according to [eq [17](#eq17){ref-type="disp-formula"}](#eq17){ref-type="disp-formula"}.

The variation in permeability in the radial direction under different confining pressures is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The permeability first increases, then decreases, and then slowly returns to the original state with the increase in distance from the well-controlled area (i.e., permeability increases from 1 to 4 m away from the borehole; within this area, permeability increases, while beyond this 4 m radius permeability becomes attenuated). The permeability in this marginal area is lower than the original permeability, and the changes in permeability differ under different confining pressures. With the increase of confining pressure, permeability decreases; that is to say, the range increasing permeability in deep coal reservoirs increases and the area of attenuation decreases.

![Spatial variation in permeability by well-control radii under different confining pressures.](ao0c02293_0003){#fig3}

2.4. Analysis of the Factors Influencing the Coal Reservoir {#sec2.4}
-----------------------------------------------------------

Based on the established mathematical model, the parameters of coal permeability under the condition of the confining pressure with the minimum error (i.e., 16 MPa) were selected to analyze the factors influencing the coal reservoir parameters involved in this model. The influencing factors of the model include the confining pressure, cleat compression coefficient, Langmuir parameters, Poisson's ratio, and the slippage coefficient. The purpose of the model was to analyze the stability of each parameter and the influence of each parameter on the permeability of coal and its importance. The value of each parameter is shown in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}.

###### Analysis Parameters of Influencing Factors

  parameter                       confining pressure (MPa)   *C*~f~ (MPa^--1^)   *v*    *a*~CH~4~~ (m^3^/t)   *b* (MPa)
  ------------------------------- -------------------------- ------------------- ------ --------------------- -----------
  confining pressure              8                          0.052               0.3    8.54                  0.62
  12                                                                                                          
  16                                                                                                          
  20                                                                                                          
  cleat compression coefficient   16                         0.052               0.3    8.54                  0.62
  0.06                                                                                                        
  0.07                                                                                                        
  0.08                                                                                                        
  Poisson's ratio                 16                         0.052               0.25   8.54                  0.62
  0.3                                                                                                         
  0.35                                                                                                        
  0.4                                                                                                         
  Langmuir volume                 16                         0.052               0.3    8.54                  0.62
  15                                                                                                          
  25                                                                                                          
  35                                                                                                          
  gas slippage coefficient        16                         0.052               0.3    8.54                  0.58
  0.62                                                                                                        
  0.66                                                                                                        
  0.69                                                                                                        

*C*~f~, cleat compression coefficient; *v*, Poisson's ratio; *a*~CH~4~~, Langmuir volume; *b* (MPa), gas slippage coefficient.

### 2.4.1. Confining Pressure {#sec2.4.1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the variation in coal reservoir permeability with the decrease of pore pressure under different confining pressures (8, 12, 16, and 20 MPa). In the process of pore pressure reduction, the permeability under various confining pressures first decreased and then rebounded. With increased confining pressure, the attenuation of reservoir permeability increased and the rebound decreased. The critical pore pressure for permeability rebound decreased with the increase of confining pressure (i.e., the inflection point moved to a lower pore pressure). When the confining pressure increased from 8 to 20 MPa, the critical pore pressure for permeability rebound decreases by 0.5 MPa, and confining pressure had little effect on the rebound pressure.

### 2.4.2. Cleat Compression Coefficient {#sec2.4.2}

The cleat compression coefficient represents the compressibility of effective stress to coal cleats/fractures. An increase in the cleat compression coefficient indicates that under the same effective stress, the cleat compression strain of coal increased and the sensitivity to changes in stress increased, which resulted in an increased reduction of permeability. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the effects of different cleat compression coefficients on reservoir permeability. From this figure, it can be seen that with the increase of the cleat compression coefficient, the decline of reservoir permeability increases. As the gas slippage effect is considered in the permeability model, when pore pressure was low, the positive effect of matrix shrinkage on permeability and gas slippage were the dominant factors, which offset the effect of the partial effective stress. Therefore, even with the increase of the cleat compression coefficient, coal permeability still improved slightly at low pore pressures; the permeability rebounded, even though the rebound effect was not as strong as that of the low cleat compression coefficient.

![Model factor analysis: (a) cleat compression coefficient; (b) Poisson's ratio; (c) Langmuir volume; and (d) gas slippage coefficient.](ao0c02293_0004){#fig4}

### 2.4.3. Poisson's Ratio {#sec2.4.3}

Poisson's ratio in this study refers to the ratio of transverse to longitudinal strain in coal. In the process of increasing Poisson's ratio, the permeability of coal decreases and the improvement of permeability thus decreases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). When Poisson's ratio increases to a certain extent, the permeability cannot recover to the original vale. Additionally, the critical pressure of permeability moves to low pore pressure with the increasing Poisson's ratio.

### 2.4.4. Langmuir Volume {#sec2.4.4}

The maximum gas adsorption capacity parameter is the parameter in the Langmuir isothermal adsorption equation (i.e., the Langmuir volume). The permeability model established in this study is based on the matrix shrinkage caused by the desorption of binary CH~4~ and CO~2~ mixed gases. Changes in the maximum adsorption capacities of the two gases have the same effect on the permeability. Therefore, the maximum adsorption capacity of CH~4~ was taken as an example for analysis. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows the effect of the increase in the maximum adsorption capacity of CH~4~ on the variation in permeability. The higher the maximum adsorption capacity of CH~4~ was, the lesser was the attenuation and the greater was the improvement in permeability.

### 2.4.5. Gas Slippage Coefficient {#sec2.4.5}

The gas slippage coefficient is a parameter describing the influence of the slippage effect on coal permeability. In this study, 1.5 MPa was chosen as the critical pore pressure for slippage, so changes in the slippage coefficient only affected the reservoir permeability for pore pressures \<1.5 MPa. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows the effect of increasing the slip coefficient on reservoir permeability. Before the pore pressure decreases to the critical value needed to induce slippage, the permeability decreases to the same extent. When the pressure decreases to the critical value, increases in the slip coefficient increase the permeability of the coal and coal-bearing rocks.

3. Conclusions {#sec3}
==============

Based on the stress--strain constitutive equation of porous elastic media, and combining the horizontal strain model of coal, we established a mathematical model for predicting coal permeability variation during the displacement of CH~4~ with CO~2~. After CO~2~ injection, the shrinkage strain of coal matrices increases logarithmically with the decreases of pore pressure and decreases with the increase in confining pressure. In the process of displacement of CH~4~ with CO~2~, the predicted permeability first decreases and then increases.

During the drainage process, the permeability in the well-controlled area first increases, then decreases, and then slowly returns to the original state with the increase in well-controlled radius. Under high confining pressures, the decline range in permeability increases. Correspondingly, the attenuation ranges of permeability increase and the rebound range decreases.

Cleat compression coefficient, confining pressure, Poisson's ratio, and Langmuir show different influences on permeability variation. As for permeability decrease caused by confining pressures, matrix shrinkage and gas slippage can recover the permeability loss to some extent. The permeability rebound point also varies with different coal property and reservoir environment conditions. The proposed model has guiding significance for predicting permeability variations and better understanding and application of CO~2~-ECBM.

4. Theory and Model Establishment {#sec4}
=================================

4.1. Theory {#sec4.1}
-----------

Barenblatt et al.^[@ref22]^ put forth an introduction to dual-porosity media, which considered that rock masses are composed of matrix blocks containing pore spaces, with fracture systems separating matrix blocks. Subsequently, Close^[@ref23]^ stated that coal is a typical dual-porosity medium composed of a high-storage-capacity and low-permeability pore system and a low-storage-capacity and high-permeability fracture system. Fractures in coal are also called cleats and are divided into face cleats and butt cleats, according to their directions.^[@ref24]^ The two sides are orthogonal to each other, and coal is divided into independent coal matrix units ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The pore diameter of a coal matrix unit is generally less than 20 × 10^--10^ m, making its permeability close to zero. Therefore, the fractured permeability of coal is equal to that of the coal permeability.^[@ref8],[@ref26],[@ref27]^

![(a) Schematic of coal-rock fracture system. (b) Conceptual matchstick model. Reprinted with permission from refs ([@ref24]) and ([@ref25]). Copyright 1998 and 2013 Elsevier.](ao0c02293_0005){#fig5}

Reiss^[@ref28]^ proposed a conceptual matchstick model of coal structure in 1980 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) on the basis of the unique fracture systems observed. The matchstick model assumes that the coal fracture system contains two sets of plates with equal spacing, which are orthogonal to one another and perpendicular to the coal seam. At the same time, the coal matrix unit is assumed to be a cube, with matrix pores evenly distributed within. The essence of the matchstick model is to provide support for the coal structure under the hypothesis of isotropy.^[@ref28]^ Many mathematical models of coal reservoir permeability are derived from this matchstick model.^[@ref29]−[@ref32]^ Thus, the matchstick model was used as the structural model of coal in the process of replacing CH~4~.

Coalbed methane extraction via CO~2~ injection involves many physical processes, such as multicomponent gas adsorption/desorption, seepage, and coal deformation. Therefore, seepage mechanics, the mechanics of porous media, surficial chemistry, and other disciplines must be integrated.^[@ref33]^ Based on the matchstick model, the following hypotheses (H~\#~) were introduced in this modeling study:(1)H~1~: coal is a dual-porosity medium;(2)H~2~: if the temperature of a coal reservoir is constant, the gas is ideal and saturated;(3)H~3~: coal matrices are incompressible;(4)H~4~: the mechanical properties of coal in the same coal seam are isotropic, and the entire coal matrix unit is thus isotropic;(5)H~5~: coal reservoirs are not affected by tectonic stress; stress is caused by overburden, and the horizontal principal stress is equal;(6)H~6~: the permeability of coal depends on the fracture system.

4.2. Coal Matrix Deformation after CO~2~ Injection {#sec4.2}
--------------------------------------------------

When CO~2~ is injected into a coal seam, competitive adsorption occurs between CO~2~ and CH~4~, as the coal has a stronger adsorption capacity to CO~2.~^[@ref34],[@ref35]^ After replacement equilibrium is achieved, part of the CH~4~ changes from an adsorbed phase to a free phase.^[@ref36],[@ref37]^ With the decrease of pressure and the gradual desorption of adsorbed gas, the coal matrix is deformed, and the total deformation of the matrix may be calculated as followswhere ε*^m^* is the deformation of the coal matrix during displacement (dimension: 1), ε~CO~2~~^m^ is the deformation of the coal matrix caused by CO~2~ during pressure reduction (dimension: 1), and ε~CH~4~~^m^ is the deformation of the coal matrix caused by CH~4~ in the process of pressure reduction (dimension: 1).

The molar fractions of CO~2~ and CH~4~ in their free phases change during desorption; the molar fraction in the free phase are related as follows^[@ref38]^where *C*~CO~2~~and *C*~CH~4~~ are the molar fractions (%) of CO~2~ and CH~4~ in the free phase, respectively, and the sum of the two fractions is 1; *m* and *n* are constants and can be obtained by the experimental fitting.

The swelling/shrinkage strain model of coal matrices caused by single-gas adsorption/desorption was developed by Liu et al.^[@ref39]^ The coal matrix deformation equation accounts for not only the swelling and shrinkage deformation caused by adsorption and desorption but also for the compression deformation caused by the compression of the coal skeleton. When the pressure changes from *P*~1~ to *P*~2~, the strain caused by the coal matrix is as followswhere ε is the linear strain of the coal matrix (dimension: 1), ρ~c~ is the density of the coal matrix (g/cm^3^), *V* is the adsorbed gas content (cm^3^/g), *V*~0~ is the standard molar volume, 22.4 L/mol; *E* is the elastic modulus of coal (MPa), *R* is the universal gas constant, 8.314 J/(K·mol), *T* is the absolute temperature (K), *P* is the gas pressure (MPa), and *v* is Poisson's ratio (dimension: 1).

The matrix deformation models caused by CO~2~ and CH~4~ desorption can be obtained (the gas can be CO~2~ or CH~4~ in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"})

By substituting [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, a mathematical model of the changes in total linear strain can be obtained.^[@ref4],[@ref39]−[@ref41]^

The influences of gas desorption and gas pressure on the deformation of the coal matrix were considered in the model. The first term on the right side of [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} represents the effect of CH~4~ desorption on the matrix strain, the second represents the effect of CO~2~ desorption on the matrix strain, and the third term represents the effect of decreased mixed gas pressure on the matrix skeleton. The deformation of the coal matrix after the desorption of CH~4~ and CO~2~ is related not only to its physical properties but also to the changes in pore pressure and its adsorption and desorption characteristics.

4.3. Model of Variations in Permeability {#sec4.3}
----------------------------------------

Much work has been performed on the permeability models of coal reservoirs, which can be roughly divided into two categories: coupled models and analytical models.^[@ref41]−[@ref43]^ Both types of models are used to analyze the relationships among porosity, permeability, and stress--strain in coal reservoirs.^[@ref25],[@ref42]−[@ref45]^ Coupled models are generally based on finite-element theories, while analytical models are generally based on physical models. Compared to the complexity of coupled permeability models and the uncertainties in their parameters, analytical model parameters often have clear physical significance; representative analytical models include the Cui and Bustin (CB), Shi and Durucan (SD), and Palmer and Mansoori (PM) models.^[@ref4],[@ref31],[@ref42],[@ref45]−[@ref49]^ The first two of these models are used for predicting permeability and are based on stress; they establish the relationship between coal strain and permeability by studying variations in the horizontal effective stress.^[@ref4],[@ref31],[@ref47]^ In contrast, the PM model is based on strain and correlates the coal strain and permeability by studying variations in porosity.^[@ref48],[@ref49]^

In this study, a mathematical model of variation in permeability was constructed based on stress and from the perspective of strain, effective stress, and permeability. On the basis of a physical matchstick model, a predictive model of coal permeability related to the effective horizontal stress was given by Seidle.^[@ref30]^ Here, a new model of variations in permeability is derived on the basis of the relationship between the horizontal effective stress and permeabilitywhere *k* is permeability (mD), *k*~0~ is the initial reservoir permeability (mD), *C*~f~ is the cleat compression coefficient (1/MPa), and Δσ~h~^′^ is the effective stress in the horizontal direction (MPa). The permeability model is based on the stress--strain equation of gas adsorption/desorption in isotropic porous media^[@ref31]^where σ~*ij*~ includes the stresses in the *i* and *j* directions (MPa), *E* is Young's modulus (MPa), *v* is Poisson's ratio (equal to 1), ε~*ij*~ includes the strain in the *i* and *j* directions (equal to 1), ε*~kk~* is the strain volume (equal to 1), δ~*ij*~ is the Kronecker constant, α is the Biot coefficient (equal to 1), *K* is the volume modulus of the coal (MPa), and ε~V~^*m*^ is the volume strain of the coal matrix caused by adsorption/decomposition (equal to 1). Among them, the Kronecker constant, Biot coefficient, and moduli of the coal mass exhibit the following relationships, respectivelywhere *K*~s~ is the bulk elasticity modulus of solid coal particles (MPa). As *K*~s~ is typically much higher than *K*, the Biot coefficient is considered to be 1 during the calculation.

Biot^[@ref50]^ deduced the constitutive equation of saturated porous elastic media, expressed strain by stress, and introduced the notion of gas adsorption deformation, such thatwhere σ*~kk~* is body stress (MPa), which is the sum of the three principal stresses, and *G* is the Lame constant (a.k.a., the shear modulus of elasticity). The Lame constant can be expressed as *G* = *E*/2(1 + *v*).

When the pore pressure falls below a critical value (*P*~c~), the gas slippage effect may occur. For this reason, the effects of gas slippage on permeability under pore pressures of *P* \< *P*~c~ can be considered. The mathematical expression of the slippage effect iswhere *K*~g~ is the gas permeability under mean gas pressure conditions (mD), *K*~1~ is the Klingenberg permeability (mD), λ is the mean free path of gas molecules (μm), *r* is the mean radius of pores (μm), and *C* is the proportional factor.

Terzaghi^[@ref51]^ put forth the principle of effective stress in saturated porous media. Assuming that the overlying pressure remains unchanged, the variation in the vertical strain of coal can be approximated by the variation in horizontal strain, and the horizontal principal stress of coal is equal, the effective stress in the *x*-direction is equal to the horizontal effective stress. Based on this, a mathematical model of variation in coal reservoir permeability was obtainedwhere *C* is a proportional coefficient, which is related to the mechanical properties of the coal; its value can be obtained by fitting the experimental data; μ is defined as the ratio of the vertical strain to the horizontal strain.

The variation in coal permeability during desorption after CO~2~ injection is affected by three main factors. Before pore pressure declines to the critical value of slippage, the permeability is affected by both the effective stress and matrix shrinkage. When pore pressure reaches the critical pore pressure of slippage, the variation in permeability is affected by the effective stress, matrix shrinkage, and slippage.^[@ref22]^ The model of changes in coal permeability during desorption after CO~2~ injection is

4.4 Model of Spatial Variation in Permeability {#sec4.4}
----------------------------------------------

The mathematical model of variation in the permeability of coal seams after CO~2~ injection describes the dynamic change in permeability at a certain point of reservoir production with the decrease of pore pressure. In the actual process of CBM drainage and production, determining the behavior of reservoir permeability in planar space is conducive to formulating reasonable drainage plans and improving the CBM recovery.^[@ref1],[@ref2]^ During drainage and production, changes in reservoir pressure within CBM well-controlled areas are controlled by borehole pressure. After determining the relationship between reservoir pressure and borehole pressure in a well-controlled area, the distribution of permeability in planar space can be determined in combination with the model of variation in permeability established in [Section [4.3](#sec4.3){ref-type="other"}](#sec4.3){ref-type="other"}.

It was assumed that the bottom-hole pressure remained unchanged during the process of CBM drainage and that the pore pressure at the boundary of the well-controlled area was the initial pore pressure. The reservoir and bottom-hole pressures within the range of the drainage and production wells can thus be expressed aswhere *P*^0^ is the initial pore pressure (MPa), *r* (*r* ≤ *r*~m~) is the distance between a certain point and the drainage well (m), and *r*~m~ is the farthest radius influenced by the CBM well (m), where *P*~w~ is bottom-hole pressure (MPa) and *r*~w~ is the borehole radius (m).

[Equation [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"} also shows the relationship between pore pressure and bottom-hole pressure in the well-controlled area; it was thus substituted into the permeability model of displacement with CO~2~.
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